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JET FUELS FROM SHALE O I L  BY SINGLE-STAGE HYDROCRACKING 

A. N. T a i t  and A .  L. Hensley 
Amoco O i l  Company 

ABSTRACT 

E x t e n s i v e  s c r e e n i n g  of  novel  c a t a l y s t s  h a s  l e d  to  t h e  development o f  a 
s i n g l e  c a t a l y s t  capable  o f  t h e  d i r e c t  upgrading  of  a whole s h a l e  o i l  
i n t o  h igh  y i e l d s  o f  j e t  f u e l s  on a once-through b a s i s .  
f u e l s  a c a t a l y s t  must have t h e  a b i l i t y  t o  s e q u e n t i a l l y  s a t u r a t e ,  
d e n i t r o g e n a t e ,  and hydrocrack  t h e  f e e d s t o c k  i n  t h e  p r e s e n c e  of h i g h  
l e v e l s  o f  contaminants  such  a s  o r g a n i c  n i t r o g e n  compounds and a m o n i a  
w h i l e  m a i n t a i n i n g  h i g h  s e l e c t i v i t y  toward j e t  f u e l  bo i l ing- range  
m a t e r i a l .  C a t a l y s r s  i n c o r p o r a t i n g  t h e s e  f u n c t i o n s ,  a l o n g  w i t h  high 
tempera ture  s t a b i l i t y ,  were developed by o p t i m i z a t i o n  of  b o t h  chemical  
and p h y s i c a l  p r o p e r t i e s .  The e f f e c t i v e n e s s  of t h e  f i n a l  s i n g l e  c a t a l y s t  
f o r  the  d i r e c t  upgrading of a n  O c c i d e n t a l  s h a l e  o i l  h a s  been demonstrated 
i n  8 100-day t e s t .  The f e e d ,  c o n t a i n i n g  approximate ly  15 w t X  JP-4 
m a t e r i a l  and 13,000 ppm n i t r o g e n ,  was upgraded t o  a water-white  product  
c o n t a i n i n g  approximate ly  7 5  w t X  JP-4 m a t e r i a l  and 1 t o  3 ppm n i t r o g e n .  
The hydrogen consumption was 1800 t o  1900 SCFB. 

To maximize j e t  

INTRODUCTION 

Development o f  new p r o c e s s e s  and c a t a l y s t s  t o  e n a b l e  U.S. r e f i n e r s  t o  
produce convent iona l  products  from unconvent iona l  r a w  m a t e r i a l s  such a s  
s h a l e  o i l ,  t a r  s a n d s ,  c o a l  l i q u i d s ,  and heavy petroleum r e s i d u e s  i s  
e s p e c i a l l y  impor tan t  now because o f  n a t i o n a l  concerns  f o r  t h e  p r i c e ,  
q u a l i t y ,  and s t a b i l i t y  o f  supply  o f  petroleum products .  Various s o u r c e s  
have e s t i m a t e d  t h a t  U.S. r e s e r v e s  of s h a l e  and t a r  sands  o i l  a r e  more 
than  f o u r  t imes t h a t  o f  convent iona l  o i l  and could  provide  a s e c u r e  
source  of  energy f o r  about  100 y e a r s  i f  economic means can  be  found t o  
c o n v e r t  t h e s e  r e s e r v e s  t o  u s a b l e  products .  

Given t h i s  impetus ,  t h e  U.S. A i r  Force and Wright -Pa t te rson  A i r  Force 
Base e n t e r e d  i n t o  a 19-month c o n t r a c t  w i t h  h o c 0  O i l  l a t e  i n  1979 t o  
deve lop  a c a t a l y s t  f o r  i n c r e a s e d  j e t  f u e l  p r o d u c t i o n  from s h a l e  o i l .  
Although o t h e r  companies have conducted more e x t e n s i v e  p r o c e s s  and 
d e s i g n  work, Amoco's i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  development of  
improved c a t a l y s t s .  However, i n  o r d e r  to  t e s t  c a t a l y s t s ,  a process ing  
scheme was r e q u i r e d ,  and we chose t o  deve lop  a s i n g l e  c a t a l y s t  capable  
of t h e  d i r e c t  convers ion  o f  t h e  s h a l e  o i l  i n t o  j e t  f u e l  bo i l ing- range  
m a t e r i a l  on a once-through b a s i s .  

The c o n t r a c t  c a l l e d  f o r  f o u r  major  t a s k s :  

I. A p r o c e s s  v a r i a b l e  s t u d y  on e x i s t i n g  p r o p r i e t a r y  c a t a l y s t s .  

11. A c a t a l y s t  composi t ion  a tudy ,  i . e . ,  meta ls  c o n c e n t r a t i o n  and 
s u p p o r t .  
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IV. 

A c a t a l y s t  p h y s i c a l  p r o p e r t i e s  s t u d y .  

AII a c t i v i t y  maintenance t e s t  on t h e  p r e f e r r e d  c a t a l y s t .  

R e s u l t s  have been p r e s e n t e d  p r e v i o u s l y  f o r  t h e  f i r s t  two t a s k s .  

Table  I shows a n a l y t i c a l  d a t a  f o r  t h r e e  s h a l e  o i l s .  
a r e  b a s i c a l l y  s i m i l a r  t o  pe t ro leum crudes  w i t h  r e s p e c t  t o  chemis t ry  
( i . e . ,  t h e  same t y p e s  o f  compounds a r e  p r e s e n t  b u t  i n  d i f f e r e n t  s e l a t i v e  
amounts) ,  they  do e x h i b i t  some unique p r o p e r t i e s .  

S h a l e  o i l s  t y p i c a l l y  have  h i g h  pour p o i n t s  d i c t a t i n g  o n - s i t e  process ing  
or t h e  u s e  o f  wax m o d i f i e r s  or heated  t r a n s p o r t a t i o n  p i p e l i n e s  f o r  of€-  
s i t e  p r o c e s s i n g .  The H/C atomic r a t i o s  a r e  on t h e  low end o f  t h e  s c a l e  
f o r  pe t ro leum c r u d e s  and hence upgrading w i l l  r e q u i r e  a d d i t i o n a l  
hydrogen t o  produce e q u i v a l e n t  product  q u a l i t i e s .  The h i g h  n i t r o g e n  
c o n t e n t  o f  up t o  t w o  or more p e r c e n t  i s  an o r d e r  o f  magni tude h i g h e r  
than f o r  petroleum c r u d e s  and r e p r e s e n t s  t h e  major  upgrading  d i f f i c u l t y  
s i n c e  o r g a n i c  n i t r o g e n  compounds a c t  a s  severe p o i s o n s  for downstream 
c a t a l y t i c  c r a c k i n g  and re forming  p r o c e s s e s  and cause  product  i n s t a b i l i t y .  

Thus, t o  maximize j e t  f u e l s  from s h a l e  o i l s ,  a c a t a l y s t  must  have t h e  
a b i l i t y  t o  s e q u e n t i a l l y  s a t u r a t e ,  d e n i t r o g e n a t e ,  and hydrocrack  t h e  
f e e d s t o c k  i n  t h e  presence  o f  h i g h  l e v e l s  of  contaminants  such  a s  o r g a n i c  
n i t r o g e n  compounds and a m o n i a  whi le  m a i n t a i n i n g  h i g h  s e l e c t i v i t y  
towards t h e  j e t  f u e l  bo i l ing- range  m a t e r i a l .  

Al though such  o i l s  

RESULTS AND DISCUSSION 

The O c c i d e n t a l  s h a l e  o i l  was u s e d  throughout  t h e  s t u d y .  Although t h e  
o i l  c o n t a i n e d  26 ppm a r s e n i c  and about  60 ppm i r o n  p l u s  n i c k e l ,  i t  was 
n o t  p r e t r e a t e d  nor was a guard  chamber used to  remove t h e s e  
contaminants .  

The i n i t i a l  p r o c e s s  v a r i a b l e  s t u d y  o n  e x i s t i n g  p r o p r i e t a r y  c a t a l y s t s  
i n d i c a t e d  t h a t  a c a t a l y s t  c o n t a i n i n g  c o b a l t ,  chromium, and molybdenum 
s a l t s  on  a n  alumina s u p p o r t  c o u l d  e f f e c t i v e l y  remove n i t r o g e n  and e f f e c t  
moderate  c o n v e r s i o n  o f  t h e  f e e d  i n t o  JP-4 j e t  f u e l  bo i l ing- range  
m a t e r i a l .  I n i t i a l  p roduct  q u a l i t i e s  a t  one set of  p r o c e s s i n g  c o n d i t i o n s  
a r e  shown i n  Table  11. For t h i s  c a t a l y s t ,  n i t r o g e n  removal was found t o  
be  f i rs t  o r d e r  i n  n i t r o g e n  and hydrogen p r e s s u r e .  

The next  s t u d y  on c a t a l y s t  composi t ion  inc luded  o p t i m i z a t i o n  of t h e  
m e t a l  o x i d e  c o n c e n t r a t i o n s  and t h e  s u p p o r t  composi t ion.  
prepared w i t h  v a r i o u s  combina t ions  o f  m e t a l  o x i d e s  on alumina and 
screened  a t  780°F, 1800 p s i g  and 0.5 LHSV. 
l o a d i n g s  were de te rmined  to  be  1 .5% c o b a l t  o x i d e ,  10% chromium o x i d e  and 
15% molybdenum o x i d e .  .Al though t h e  p r e s e n c e  o f  t h e  chromium o x i d e  
a c t u a l l y  lowered d e n i t r o g e n a t i o n  a c t i v i t y ,  t h e  102 l e v e l  was r e q u i r e d  to  
impart  h i g h  tempera ture  s t a b i l i t y  t o  t h e  c a t a l y s t .  

For t h e  s u p p o r t  composi t ion.  c a t a l y s t s  w i t h  t h e  opt imized  m e t a l  l o a d i n g s  
were prepared  on  d i f f e r e n t  s u p p o r t s .  

C a t a l y s t s  were 

The opt imized  m e t a l  o x i d e  

The most a c t i v e  c a t a l y s t s  were 
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prepared on s u p p o r t s  o f  a lumina,  20% s i l i c a  on a lumina ,  and 30% U l t r a s t a b l e  
(US) s i e v e  on alumina. R e s u l t s  a r e  shown i n  F igure  1 i n  a p l o t  of r e l a t i v e  
a c t i v i t y  f o r  d e n i t r o g e n a t i o n  v e r s u s  days  on o i l .  The a c t i v i t i e s  g iven  
a r e  based on f i r s t - o r d e r  k i n e t i c s  and a r e  r e l a t i v e  t o  t h e  1 . 5 %  CoO/lO% 
Cr203/IO% Moo3 c a t a l y s t  ( A c t i v i t y  - 100) prepared  on t h e  same alumina a s  
was used for t h e  c a t a l y s t s  p r e v i o u s l y  mentioned.  These r e s u l t s  i n d i c a t e  
a 60% t o  100% i n c r e a s e  i n  n i t r o g e n  removal a c t i v i t y  when a c i d  f u n c t i o n s  
a r e  in t roduced  i n t o  t h e  s u p p o r t .  

Table  I11 shows hov t h e  i n c r e a s e d  a c t i v i t y  a f f e c t s  product  q u a l i t i e s  f o r  
t h e s e  t h r e e  systems.  
a lumina and t h e  30% US s i e v e l a l u m i n a  c a t a l y s t s  gave a lmost  complete  
n i t r o g e n  removal. The presence  o f  s i l i c a  d i d  n o t ,  however, a f f e c t  o t h e r  
product  q u a l i t i e s  v h e r e a s  i n c o r p o r a t i o n  of  t h e  US s i e v e  r e s u l t e d  i n  a 
s i g n i f i c a n t  i n c r e a s e  i n  c racking  a c t i v i t y ,  r e s u l t i n g  i n  a lower pour 
p o i n t  and a h i g h  y i e l d  of JP-4 b o i l i n g - r a n g e  m a t e r i a l .  

Based on t h e s e  r e s u l t s ,  t h e  US s i e v e - c o n t a i n i n g  c a t a l y s t  appeared 
promising f o r  t h e  d i r e c t  hydrocracking  o f  t h e  s h a l e  o i l .  Consequent ly ,  
a d d i t i o n a l  c a t a l y s t s  v i t h  v a r i o u s  US s i e v e  c o n t e n t s  and t h e  opt imized  
meta l  loadings  were prepared and screened  a t  780°F, 1800 p s i g  and 0.5 
LHSV. F i g u r e s  2 and 3 summarize p e r t i n e n t  r e s u l t s .  

The e f f e c t  of i n c r e a s i n g  s i e v e  c o n t e n t  from 20 to 50 wt% was to  a lmost  
double  the  JP-4 y i e l d s  from approximate ly  4 0  t o  77 w t %  w i t h  a cor re-  
sponding d e c r e a s e  i n  both  t h e  d i e s e l  and g a s  o i l  f r a c t i o n s .  The C1-C4 
g a s  make i n c r e a s e d  modera te ly  from 3.7 t o  5.6 w t X .  I t  should  be noted  
t h a t  t h e  y i e l d  s t r u c t u r e s  f o r  t h e  c a t a l y s t  c o n t a i n i n g  20 w t %  s i e v e  were 
n o t  much d i f f e r e n t  from t h e  pure alumina based c a t a l y s t .  
s i e v e  l e v e l ,  approximate ly  95% of t h e  product  b o i l e d  below 650°F. A s  
expec ted ,  t h e  i n c r e a s e  i n  JP-4 y i e l d  was accompanied by a smooth 
i n c r e a s e  i n  t h e  hydrogen consumption from approximate ly  1400 SCFB t o  
approximate ly  1900 SCFB, F i g u r e  3. 

For t h e  t h r e e  s i e v e  c a t a l y s t s ,  a c t i v i t y  maintenance f o r  j e t  f u e l  
product ion  i s  d e t a i l e d  i n  F igure  4 .  Both t h e  20% and 30% s ieve-  
c o n t a i n i n g  c a t a l y s t s  i n i t i a l l y  g i v e  h i g h  y i e l d s  o f  JP-4 b u t  r a p i d l y  los t  
a c t i v i t y  t o  g i v e  l i n e d  o u t  y i e l d s  o f  approximate ly  50 and 35 w t %  JP-4. 
For comparison,  t h e  nons ieve-conta in ing  c a t a l y s t  y i e l d e d  a c o n s t a n t  38 
w t X  JP-4 o v e r  t h e  same time p e r i o d .  
t h e  h i g h e r  a c t i v i t y  f o r  JP-4 product ion  and appeared to  undergo a l e s s  
s e v e r e  loss i n  a c t i v i t y .  

The e s t i m a t e d  JP-4 y i e l d s  used i n  F i g u r e  4 were o b t a i n e d  from F i g u r e  5 ,  
which r e p r e s e n t s  a c o r r e l a t i o n  between JP-4 y i e l d s  from s i m u l a t e d  
d i s t i l l a t i o n  d a t a  and whole product  API g r a v i t i e s .  
p o i n t s  r e p r e s e n t  a l l  p r e v i o u s l y  t e s t e d  US s i e v e - c o n t a i n i n g  c a t a l y s t s  
whereas  t h e  open p o i n t s  r e p r e s e n t  a l l  o t h e r  c a t a l y s t s  p r e v i o u s l y  t e s t e d ,  
independent  oE suppor t  type  or m e t a l s  l o a d i n g ,  and a l l  50% US s i e v e  
alumina c a t a l y s t s  t e s t e d  subsequent ly .  The c o r r e l a t i o n  can  be  
r e p r e s e n t e d  by: 

Compared t o  t h e  alumina sys tem,  t h e  20% s i l i c a /  

A t  t h e  50% 

The 50X US s i e v e  c a t a l y s t  main ta ined  

The s o l i d  d a t a  

JP-4, W t X  * 3.46 APIo - 98 

Simulated d i s t i l l a t i o n  d a t a  agreed  w i t h i n  one to  two p e r c e n t a g e  p o i n t s  
v i t h  a c t u a l  d i s t i l l a t i o n  d a t a  f o r  a l l  samples  so t h a t  F i g u r e s  4 and 5 
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r e p r e s e n t  a c t u a l  y i e l d s  o f  JP-4 t o  a h i g h  degree  o f  accuracy .  
c o r r e l a t i o n  proved v a l u a b l e  for moni tor ing  c a t a l y s t  c r a c k i n g  a c t i v i t i e s  
on a d a i l y  b a s i s .  

R e s u l t s  from t h e  p r e v i o u s  t a s k  i n d i c a t e d  t h a t  t h e  1 .5 /10/15  c a t a l y s t  on 
a 50% US s ieve /a lumina  s u p p o r t  was t h e  system of  c h o i c e  f o r  f u r t h e r  
i n v e s t i g a t i o n .  The c a t a l y s t  r e s u l t e d  i n  low product  n i t r o g e n s  and gave 
h i g h e s t  y i e l d s  o f  JP-4 m a t e r i a l  w i t h  t h e  lowes t  c r a c k i n g  a c t i v i t y  
d e c l i n e  r a t e ,  

To t h i s  p o i n t ,  c a t a l y s t  p h y s i c a l  p r o p e r t i e s  were k e p t  w i t h i n  f a i r l y  
narrow ranges  f o r  s e t s  of c a t a l y s t  w i t h i n  each  t a s k .  
op t imized ,  and t h e  s u p p o r t  type  and composi t ion  de te rmined ,  t h e  next  
t a s k  was des igned  t o  o p t i m i z e  t h e  s u p p o r t  p h y s i c a l  p r o p e r t i e s .  

E i g h t  s u p p o r t s ,  c o n s i s t i n g  o f  50% US s i e v e  i n  a lumina,  were prepared  t o  
g i v e . a  range for each o f  t h r e e  p h y s i c a l  p r o p e r t i e s  a s  d e t a i l e d  i n  
Table  I V .  These v a r i a t i o n s  were achieved  by m o d i f i c a t i o n  of t h e  alumina 
component, s i n c e  m o a i f i c a t i o n  of t h e  s i e v e s  themselves  could  d e s t r o y  
t h e i r  o r i g i n a l  n a t u r e  and t h e i r  i n h e r e n t  a c t i v i t y  f o r  c r a c k i n g .  

Data f o r  t h e  s c r e e n i n g  r u n s  a t  78OoF and 1800 p s i g  a r e  g i v e n  i n  T a b l e  V. 
S ince  t h e  p r e v i o u s  t a s k s  had demonstrated t h a t  h i g h  s i e v e - c o n t a i n i n g  
c a t a l y s t s  could  reduce  t h e  n i t r o g e n  c o n t e n t  t o  l e s s  than  1 0  ppm a t  0 . 5  
LHSV, t h e  p o s s i b i l i t y  e x i s t e d  t h a t  a l l  e i g h t  o f  t h e  above-de ta i led  
c a t a l y s t s  could  e x h i b i t  s i m i l a r  h igh  n i t r o g e n  removal a t  t h a t  space  
v e l o c i t y  and hence n e g a t e  t h e  purpose o f  t h e  t a s k .  To avoid  t h a t  
p o s s i b i l i t y ,  each  c a t a l y s t  was a d d i t i o n a l l y  t e s t e d  at t h e  h i g h e r  space  
v e l o c i t y .  A t  c o n s t a n t  s i e v e  c o n t e n t ,  t h e  r e l a t i o n s h i p  between JP-4 
y i e l d  and hydrogen consumption f o r  t h e s e  e i g h t  c a t a l y s t s  is shown i n  
F igure  6 .  Hydrogen consumption a p p e a r s  t o  i n c r e a s e  l i n e a r l y  w i t h  JP-4 
y i e l d s  i n  t h e  range  o f  approximate ly  40 t o  70 w t % .  
Below approximate ly  40 w t %  JP-4, hydrogen consumption i n c r e a s e d  w i t h  
l i t t l e  i n c r e a s e  i n  product  JP-4, probably  a s  a r e s u l t  o f  s a t u r a t i o n  
r e a c t i o n s  r e q u i r e d  p r i o r  t o  c r a c k i n g  r e a c t i o n s .  
w t %  JP-4, hydrogen usage  a p p e a r s  t o  i n c r e a s e  more r a p i d l y  than  JP-4 
c o n t e n t ,  p robably  a s  a r e s u l t  of a d d i t i o n a l  long-chain p a r a f f i n  c r a c k i n g  
which, i n  a d d i t i o n ,  r e d u c e s  product  pour p o i n t .  

A r e l a t i o n s h i p  between pour  p o i n t  and JP-4 y i e l d  f o r  t h e s e  e i g h t  US 
s i e v e - c o n t a i n i n g  c a t a l y s t s  is g i v e n  i n  F igure  7, which i n d i c a t e s  a r a p i d  
d r o p  i n  JP-4 y i e l d  for whole p r o d u c t s  w i t h  pour  p o i n t s  g r e a t e r  t h a n  
about  4OoF. 
p r e v i o u s l y  can also b e  r e p r e s e n t e d  by F i g u r e  7 .  

The e f f e c t  o f  product  n i t r o g e n  on JP-4 y i e l d  i s  shown i n  F i g u r e  8. 
r e s u l t s  i n d i c a t e  t h a t  JP-4 y i e l d  remained a t  approximate ly  30 w t X  f o r  
product  n i t r o g e n  above 600 ppm and i n c r e a s e d  w i t h  d e c r e a s i n g  n i t r o g e n  
c o n t e n t .  
product  n i t r o g e n  must be  reduced t o  approximate ly  10 ppm. 
n i t r o g e n  must be v i r t u a l l y  e l i m i n a t e d  t o  produce JP-4 y i e l d s  of  
approximate ly  70 w t %  or more. 

T h i s  

With t h e  n e t a l s  

(See a l s o  F i g u r e  3 . )  

Above approximate ly  70 

Data  f o r  t h e  20%, 30%, and 50% US s i e v e  c a t a l y s t s  t e s t e d  

The 

To produce a product  w i t h  approximate ly  50 w t X  percent  JP-4, 
Product  
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Hydrogen usage t o  achieve  these l e v e l s  o f  product  n i t r o g e n s  is shown in  
Figure  9. About 1550 SCFB o f  hydrogen was r e q u i r e d  f o r  10 ppm product  
n i t r o g e n  ( 5 0 %  JP-4 y i e l d ) .  About 400 SCFB a d d i t i o n a l  hydrogen vas  ' 

r e q u i r e d  t o  decrease  p r o d u c t . n i t r o g e n  t o  n e a r  z e r o  and t o  i n c r e a s e  JP-4 
y i e l d s  t o  80%. These r e s u l t s  a r e  i n s t r u c t i v e  i n  t h a t  c o r r e l a t i o n s  
important  t o  t h e  o v e r a l l  hydrocracking  scheme have been developed w i t h i n  
t h i s  set o f  c a t a l y s t s .  

Ni t rogen  removal k i n e t i c  p l o t s  f o r  t h e s e  c a t a l y s t s  a r e  shown i n  
F igure  10. Of t h e  e i g h t  c a t a l y s t s  t e s t e d ,  on ly  one ,  3838-023, performed 
w e l l  a t  bo th  0 . 5  and 0.75 LHSV w i t h  r e s p e c t  to  n i t r o g e n  removal i n  
p a r t i c u l a r ,  convers ion ,  and a c t i v i t y  maintenance a t  t h e  lower throughput .  
Ni t rogen  removal f o r  t h i s  c a t a l y s t  a p p e a r s  t o  be f i r s t  o r d e r  a s  shown i n  
F igure  10, whereas a l l  o t h e r  c a t a l y s t s  d i s p l a y  l e s s  t h a n  f i r s t - o r d e r  ( o r  
mixed-order) k i n e t i c s .  
r e f l e c t i o n  upon n i t r o g e n  removal e f f i c i e n c y  and s u g g e s t s  an a x i a l  
dependence on n i t r o g e n  c o n t e n t ,  or an a c c e l e r a t i n g  n i t r o g e n  removal 
r e a c t i o n  promoted by t h e  s i e v e  i t s e l f .  

I n  g e n e r a l ,  it is d i f f i c u l t  to  o b t a i n  c o r r e l a t i o n s  between t h e  p h y s i c a l  
p r o p e r t i e s  o f  c a t a l y s t s  c o n t a i n i n g  molecular  s i e v e s  and c a t a l y s t  
performance because  o f  t h e  complexi ty  o f  t h e  sys tems.  F i g u r e  11, 
however, does r e f l e c t  a c o r r e l a t i o n  between c a t a l y s t  a v e r a g e  pore  
d i a m e t e r s  ( c a l c u l a t e d  a s  4 V  x 104/A) and product  n i t r o g e n .  
LHSV, t h e  c o r r e l a t i o n  i s  reasonable  b u t  i s  somewhat l e s s  so a t  0 .5  LHSV. 
Both s e t s  o f  r e s u l t s  i n d i c a t e  t h a t  g r e a t e s t  n i t r o g e n  removal O C C U K S  w i t h  
t h e  c a t a l y s t s  o f  s m a l l e s t  average  pore  d i a m e t e r s .  
i n  t h e  s e r i e s ,  3838-023 and 3838-039, have APD's c l o s e  t o  70°A, b u t  o n l y  
t h e  former is " e f f i c i e n t "  a t  bo th  space  v e l o c i t i e s  and has  t h e  h i g h e s t  
c racking  a c t i v i t y  and b e s t  a c t i v i t y  maintenance.  Comparison of t h e  pore  
s i z e  d i s t r i b u t i o n s  f o r  t h e s e  t w o  c a t a l y s t s  i n d i c a t e s  a s h a r p e r  d i s t r i b u -  
t i o n  o f  pores  f o r  c a t a l y s t  3838-023 when compared t o  c a t a l y s t  3838-039. 
A l l  o t h e r  c a t a l y s t s  i n  t h i s  s e r i e s ,  w i t h  one e x c e p t i o n ,  have broader  
pore s i z e  d i s t r i b u t i o n s .  Other  c a t a l y s t  p h y s i c a l  p r o p e r t i e s ,  namely 
s u r f a c e  a r e a  and pore volumes, d i d  n o t  show any c o r r e l a t i o n  w i t h  product  
n i t r o g e n s .  

R e s u l t s  from t h e  c a t a l y s t  p h y s i c a l  p r o p e r t i e s  s t u d y  i n d i c a t e d  t h a t  f o r  
h igh  d e n i t r o g e n a t i o n  and c r a c k i n g  a c t i v i t y  t h e  p r e f e r r e d  s u p p o r t  o f  50% 
US s i e v e  i n  alumina should have pores  o f  a v e r a g e  p o r e  d i a m e t e r s  n e a r  
70°A combined w i t h  a h i g h  s u r f a c e  a r e a  and a s h a r p  pore  s i z e  d i s t r i b u t i o n .  

Some d a t a  f o r  an a c t i v i t y  maintenance t e s t  u s i n g  t h e  p r e f e r r e d  c a t a l y s t  
a r e  d e t a i l e d  i n  Table  V I .  S t a r t - o f - r u n  c o n d i t i o n s  were 0 . 4  LHSV, 2000 
p s i g  hydrogen, and 770°F and were chosen t o  maximize hydrogenat ion  and 
hydrocracking r e a c t i o n s  whi le  a l lowing  f o r  a n  i n c r e a s e  i n  r e a c t o r  
temperature  i n  c a s e  c a t a l y s t  d e a c t i v a t i o n  o c c u r r e d .  

In c o n t r a s t  t o  a l l  o t h e r  prev ious  t e s t s ,  t h e  a c t i v i t y  maintenance t e s t  
was s u b j e c t e d  to  numerous u n i t  u p s e t s  d u r i n g  t h e  f i r s t  5 0  d a y s  on 
etream. 
s e r i o u s l y  reduced.  To compensate, r e a c t o r  tempera ture  was r a i s e d  15OF 
over  t h e  f i r s t  4 8  days  on  stream t o  m a i n t a i n  h i g h  y i e l d s  o f  JP-4 
m a t e r i a l .  

T h i s  type  of  k i n e t i c  b e h a v i o r  i s  perhaps  a 

A t  0 .75 

The two b e s t  c a t a l y s t s  

A s  a r e s u l t  o f  some o f  t h e s e  u p s e t s ,  c a t a l y s t  a c t i v i t y  was 
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A s  a r e s u l t  o f  t h e s e  u n i t  u p s e t s ,  t h e  t e s t  v a s  extended t o  103 days wi th  
p r o c e s s i n g  c o n d i t i o n s  h e l d  c o n s t a n t  a t  approximate ly  786OF, 0 . 4  LHSV, 
and 2000 p s i g  f o r  t h e  p e r i o d s  49 through 93 .  For t h e  l a s t  t e n  days ,  
r e a c t o r  tempera ture  v a s  d e l i b e r a t e l y  r a i s e d  to  79OoF and then  lowered t o  
780OF i n  o r d e r  to  o b t a i n  t h e  c r a c k i n g  tempera ture  response .  

F i g u r e  12 shows product  n i t r o g e n s  a s  a f u n c t i o n  of  days on o i l .  
t h e  e x c e p t i o n  of  t h o s e  u p s e t s  v h i c h  a f f e c t e d  product  n i t r o g e n s  (shown a s  
s o l i d  p o i n t s ) ,  p roduct  n i t r o g e n s  were m a i n t a i n e d  g e n e r a l l y  i n  t h e  1 t o  3 
ppm range throughout  t h e  t e s t .  As i n d i c a t e d  p r e v i o u s l y  ( F i g u r e  8) ,  10 
ppm product  n i t r o g e n  would reduce  JP-4 y i e l d s  to  approximate ly  50 wtX o r  
less whereas a JP-4 y i e l d  o f  z70  w t X  would r e q u i r e  52 ppm n i t r o g e n  i n  
t h e  product .  
dependent  upon v e r y  low product  n i t r o g e n  l e v e l s .  

Dai ly  JP-4 y i e l d s ,  e s t i m a t e d  from product  API g r a v i t i e s  and Figure  5 ,  
a r e  shorn i n  F i g u r e  13. The s o l i d  symbols r e p r e s e n t  u p s e t s  a f f e c t i n g  
JP-4 y i e l d s  or c r a c k i n g  a c t i v i t y .  
from Figure  13. 

( i )  
a s  r e f l e c t e d  i n  t h e  d r o p  i n  JP-4 y i e l d s  from approximate ly  82 vtX to 
approximately 6 8  v t I .  

( i i )  The u n i t  u p s e t ~ o f  day 1 9  ( u n i t  d e p r e s s u r i z e d ,  s u b j e c t i n g  c a t a l y s t  
to  h i g h  tempera ture  w i t h o u t  hydrogen)  s e r i o u s l y  a f f e c t e d  c a t a l y s t  
c r a c k i n g  a c t i v i t y  a t  775OF as r e f l e c t e d  i n  t h e  d r o p  i n  JP-4 y i e l d s  from 
approximately 80 we% t o  approximate ly  67 w t X .  T h i s  loss i n  a c t i v i t y  was 
a l s o  r e f l e c t e d  i n  t h e  JP-4 y i e l d s  a t  777OF be ing  l o v e r  t h a n  i n i t i a l l y  
achieved a t  775OF. 

( i i i )  
also s e r i o u s l y  a f f e c t e d  c r a c k i n g  a c t i v i t y  a s  evidenced by t h e  poor 
temperature  response  upon r a i s i n g  t e m p e r a t u r e s  from 777OF t o  786OF. 

( i v )  
d e c l i n e d  s t e a d i l y  a s  i n d i c a t e d  by t h e  d r o p  i n  JP-4 y i e l d s  from about  80 
t o  6 7  v t%.  T h i s  d e c l i n e  may have been a f f e c t e d  by t h e  u p s e t  on day 65.  

In o r d e r  t o  c a l c u l a t e  c a t a l y s t  l i f e  a t  a s p e c i f i e d  JP-4 y i e l d ,  temperature  
response f a c t o r s  need t o  be c a l c u l a t e d .  
a t  t h e  end o f  t h e  t e s t  a t  785OF ( p e r i o d  931, 790°F ( p e r i o d  961,  and I ,  

78OoF ( p e r i o d  101)  assuming z e r o - o r d e r  k i n e t i c s ,  no n i t r o g e n  i n h i b i t i o n  
i n  t h e  a c t u a l  c r a c k i n g  zone ,  and c o n s t a n t  a c t i v i t y .  Hydrocracking r 

r e a c t i o n s  i n  t h e  p r e s e n c e  of  n i t r o g e n  a r e  g e n e r a l l y  z e r o  o r d e r  o v e r  t h e  
t o t a l  c a t a l y s t  system, and i n  t h i s  c a s e  a l l  samples  c o n t a i n e d 4 0  ppm 
n i t r o g e n .  / 

Using a c o n s t a n t  JP-4 y i e l d  o f  50 vtZ, tempera ture  response  f a c t o r s  o f  
62.5, 67.9.  and 65.6 Kcal  mole-I were c a l c u l a t e d  f o r  t h e  t h r e e  tempera- 
t u r e  couples ,  t h e  a v e r a g e  b e i n g  65.4 Kcal mole-l. 
unusual  for f u l l - r a n g e ,  h i g h - b o i l i n g  f e e d s t o c k s  c o n t a i n i n g  l a r g e  m o u n t s  
of n i t r o g e n .  

With 

High c r a c k i n g  a c t i v i t y  t o  produce JP-4 i s  c r i t i c a l l y  , 

The f o l l o w i n g  p o i n t s  can be drawn 

For  t h e  f i r s t  t e n  d a y s  on o i l  a t  770°F, c r a c k i n g  a c t i v i t y  d e c l i n e d  

The u n i t  u p s e t  on day 4 3  ( v e r y  l i t t l e  hydrogen f low f o r  16 hours )  

A t  786OP. o v e r  approximate ly  a 50-day p e r i o d ,  c racking  a c t i v i t y  

T h i s  was done by u s i n g  t h e  d a t a  

T h i s  v a l u e  i s  n o t  
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Based upon t h e  tempera ture  response  f a c t o r ,  a c a t a l y s t  l i f e  of  approxi -  
mately f o u r  and one-half  months can be  c a l c u l a t e d  f o r  a c o n s t a n t  JP-4 
y i e l d  o f  75 w t %  by i n c r e a s i n g  r e a c t o r  tempera tures  from 775OF t o  800°F 
a t  2000 ps ig  and 0 . 4  LHSV. However, due t o  t h e  o p e r a t i o n a l  problems 
encountered i n  t h e  t e s t ,  t h i s  should be cons idered  a minimum l i f e  and 
s i x  months is probable .  A d e a c t i v a t i o n  r a t e  of approximate ly  O.lS°F/day 
was c a l c u l a t e d  from t h e  d a t a  f o r  p e r i o d s  53 and 93 u s i n g  zero-order  
k i n e t i c s .  

Within t h e  same c o n s t r a i n t s ,  c a t a l y s t  l i f e  would be longer  f o r  lower 
JP-4 y i e l d s .  A s  d i s c u s s e d  p r e v i o u s l y ,  s e v e r a l  u n i t  u p s e t s  s e r i o u s l y  
a f f e c t e d  c a t a l y s t  a c t i v i t y  and one o f  t h e s e  u p s e t s  o c c u r r e d  d u r i n g  t h e  
per iod  used t o  c a l c u l a t e  t h e  a c t i v i t y  d e c l i n e  r a t e .  
l i f e  f o r  c o n s t a n t  75% JP-4 y i e l d s  should be  viewed a s  a rough e s t i m a t e .  
D e t a i l e d  process  v a r i a b l e  s t u d i e s  which were n o t  p a r t  of  t h i s  c o n t r a c t  
would be needed t o  more a c c u r a t e l y  d e f i n e  a d e a c t i v a t i o n  r a t e .  

The d a t a  f o r  t h e  d i s t i l l a t i o n s  of  t h e  products  from t h e  a c t i v i t y  t es t  t o  
produce JP-4 and JP-8 j e t  f u e l  f r a c t i o n s  a r e  g iven  i n  T a b l e  VII. A l l  
samples f o r  p e r i o d s  1 through 73, w i t h  t h e  e x c e p t i o n  o f  those  samples  
c o n t a i n i n g  more t h a n  10 ppm n i t r o g e n  or having an API g r a v i t y  l e s s  t h a n  
45O, were combined t o  y i e l d  approximate ly  f o u r  g a l l o n s  o f  product .  The 
composi te  was washed w i t h  w a t e r  and then d r i e d .  Two d i s t i l l a t i o n s  t o  
y i e l d  JP-4 and JP-8 f r a c t i o n s  were completed. The JP-4 y i e l d  was 76 w t %  
on t h e  composi te  product  w i t h  a JP-8 y i e l d  of  61 w t % .  The a n a l y t i c a l  
d a t a  i n d i c a t e s  t h a t  t h e  samples  would meet a l l  s p e c i f i c a t i o n s  w i t h  
perhaps one e x c e p t i o n .  
h igh  i n  view o f  t h e  f r e e z e  p o i n t  s p e c i f i c a t i o n  of  -58OF. However, t h e  
s imula ted  d i s t i l l a t i o n  d a t a  i n d i c a t e s  an end p o i n t  v e r y  c l o s e  t o  t h e  
s p e c i f i e d  l i m i t .  A s l i g h t l y  lower temperature  c u t  p o i n t ,  and perhaps  a 
s l i g h t l y  lower i n i t i a l  p o i n t ,  would lower t h e  pour p o i n t  and hence b r i n g  
t h e  f r e e z e  p o i n t  t o  t h e  s p e c i f i e d  v a l u e .  

Based on t h e  q u a l i t i e s  measured, w i t h  one e x c e p t i o n ,  s a l e a b l e  j e t  f u e l s  
were produced i n  h i g h  y i e l d s  by t h e  s i n g l e - c a t a l y s t  p rocess .  

Thus, t h e  p r o j e c t e d  

The pour p o i n t  of  -40°F for t h e  JP-8 f r a c t i o n  is 

CONCLUSIONS 

A s i n g l e - c a t a l y s t  system c a p a b l e  of d i r e c t  hydrocracking  o f  a whole 
aha le  o i l  c o n t a i n i n g  l a r g e  amounts of n i t r o g e n  h a s  been developed .  The 
novel  c a t a l y s t ,  c o n s i s t i n g  of  c o b a l t ,  chromium, and molybdenum s a l t s  on  
a base  of 50% US s i e v e  i n  alumina is m u l t i f a c e t e d  i n  t h a t  it combines 
both  t h e  s a t u r a t i o n  and d e n i t r o g e n a t i o n  a c t i v i t y  of  a lumina v i t h  t h e  
c racking  a c t i v i t y  of  t h e  s i e v e .  The combinat ion i s  more e f f e c t i v e  t h a n  
alumina a l o n e  f o r  hydrocracking  w i t h  t h e  c r a c k i n g  zone conf ined  t o  t h a t  
p a r t  o f  t h e  bed a t  t h e  bot tom where t h e  n i t r o g e n  c o n t e n t  h a s  been 
reduced to  (10 ppm. 
process  c o n d i t i o n s .  

The a b i l i t y  o f  t h e  opt imized  c a t a l y s t  t o  hydrocrack a whole s h a l e  o i l  
i n t o  h i g h  y i e l d s  o f  j e t  f u e l  bo i l ing- range  m a t e r i a b w t s  demonstrated i n  

T h i s  c r a c k i n g  zone would v a r y  w i t h  changes i n  

\ 

193 

\ 



a 103-day (approximate ly  2500 h o u r s )  t e s t .  
marred t h e  r e s u l t s  and perhaps a f f e c t e d  c a t a l y s t  a c t i v i t y ,  a h i g h  y i e l d  
o f  JP-4 b o i l i n g - r a n g e  m a t e r i a l  was s u s t a i n e d .  The whole product  was 
w a t e r  w h i t e  i n  c o l o r  and c o n t a i n e d  o n l y  a few ppm n i t r o g e n .  
u n i t  o p e r a t i o n s  were poor d u r i n g  t h e  c a t a l y s t  l i f e  t e s t ,  a minimum l i f e  
o f  4.5-month was demonst ra ted  and a c a t a l y s t  l i f e  of  s i x  months i s  
expec ted  f o r  t h e  s p e c i f i e d  75 u t %  y i e l d  o f  JP-4 b o i l i n g - r a n g e  m a t e r i a l .  
I t  should  be emphasized t h a t  a guard  bed to  remove a r s e n i c  and i r o n  was 
n o t  used  for t h e  l i f e  test .  The presence  o f  such a bed s h o u l d  ex tend  
t h e  c a t a l y s t  l i f e  c o n s i d e r a b l y .  

Although s e v e r a l  u n i t  u p s e t s  

Even though 

Table I 
Selected Shale Oil Properties 

Tosco Paraho Occidental - -  
APlO 21 .o 20.2 23.8 
Pour Point, OF 75 90 60 
H/C 1.56 1.61 1.67 
PJ, WtYo. 1.88 2.48 1.32 
s, Wt% 0.75 0.66 0.64 
0, Wt% 1.39 1.16 1.33 

Table I D  
Initial P r ~ d ~ s c t  Qualities 
Co/Cr/Mo on Alumina 
(1800 psig, 0.55 LHSV, 790OF) 

l ? d J l c t w  
APlO 39 23.8 
Pour Point, O F  80 60 
Nitrogen, ppm 116 13,200 
J P-4, Wt% 37 15.5 ** 
650°F-, Wt% 74 44 
SCFB Hydrogen 1400 

** Heavy JP-4 fraction, IBP of 290°F 
20% distilled at 290OF. 909'0 distilled at 47OOF 
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Table Ill 

‘\ 

’, 

\ 

\ 

Effect of Support Composition o n  
Product Qualities 

20% Si021 
A1203 

A P P  39.2 59.7 
Nitrogen. ppm 83 < l o  
Pour Point, O F  80 66 
JP-4. Wt% 38 38 
650°F-. Wt% 76 TI 
SCFB Hydrogen 14co 1400 

Table IV 
Catalyst Physical Properties 
150% US S i e v e l a l u m i n a )  

30% US Sieve/ 

A1203 

44.6 
< 5  
30 
54 
a? 

1660 

Catalyst ID 
3838 

023 
028 
030 
031 
034 
Lm 
037 
039 

Surface Area 
m’lg 

280.5 
256.2 
m . 4  
312.5 
305.0 
276.3 
280.4 
234.0 

Pore Volume 
c c l g  

0.477 
0.545 
0.505 
0.824 
0.589 
0.784 
0.710 
0.417 

Avg Pore Diameter 
14 VIA) ,  OA 

68.0 
85.5 
30.8 

105.4 
n.2 

113.4 
101.3 
71.4 

Table V 
Product Qualities from Catalysts with Different 
Physical Properties 

0.5 LHSV 

Catalyst ID 

=?!!E 
023 
028 
030 
031 
a34 
a36 
037 
ms 

0.75 LHSV 

m3 
028 
030 
031 
a34 
035 
037 
a39 

Nitrogen. 
ppm 

1 
4 

600 
78 
6 
46 
TI 
1 

Pour Point 
O F  

-50 
35 
75 
m 
m 

m 
66 

40 

SWDF-. 
Wt% 

92.5 
86.5 
65.6 
72.5 
71 .2 
75.6 
74.0 
79.6 

- 

44 
1510 
1240 
986 

1950 
1560 
289 

61.5 
63.0 
56.5 
62.6 

64.6 
68.4 
60.4 

- 

JP-4. 
wf% 
79.5 
62.7 
29.6 
36.8 
60.6 
43.9 
39.9 
n.1 

S.8 
20.1 
29.4 
30.1 

29.3 
zB.3 
33.3 

E 
1930 
1Bm 
1190 
1390 
1520 
1380 
1360 
1660 

1310 
1300 
1190 
lZ00 

1120 
1150 
1260 

195 



/ 

Table VI 
Product Qualities from the Activity 
Maintenance Test 

oav 
Temperatura. 'F 
APIO 
Nitrogen. ppm 
Sulfur. ppm 
Pour Point. OF 
=OF., Wtk 
JP4. Wl% 
SCFBW 

Dav 
Tempratwe. OF 
APP 
Nltrogen. ppm 
Sulfur. ppm 
Pour Point. OF 
W F - ,  WCK 
JP4. W1% 
SCFBH 

3 
770.1 
62.4 

2 
18 
-1) 
s . 7  
Y 

1960 

a0 - m.5 
48.6 
2 
a8 
6 

63.4 

- 

- 

m 
18w 

B 
770.3 
48.0 

1 
133 

- 

s 
87.7 
88 

1770 

b7 
m.0 
47.4 
16 

p9 
10 
89.3 
68 

1740 

- 

17 - 
m.6 
61.2 

1 
72.8 
-10 
u.4  
79 

1743 

n - 
788.0 
48.4 
1 

% 
10 
90.9 
n 

1810 

Table VI1 
Jet Fuel Qualities 

19 
774.5 
47.0 

2 

a 

- 

m 
- - 

1140 

so - 
7811.0 
48.9 
1 

-I 
m 
m .I 
n 

1860 

CompO.ite 

(B.7 
100 

a5.m 
14.17 
1.1 

-6 
1 .dl 

-47 
rm 
aa 
m 
m 
410 
448 
49l 
647 
B1 
7m 

2) 

48.8 
1 
m - 16 
9 . 1  

- 
m . 2  

n 
1860 

I 

785.8 
4 . 1  
1) 

- 10 
su.2 

- 

in 

m 
1860 

P 

49.2 
2 

92 
-16 

79 
1 m  

93 
785.5 
47.4 
1 
a0 
6 

89.4 
a 

1RO 

m . 1  

81.7 

- 

E) 

48.9 
6 

DI 
ZD 
88.6 
I 

1Sm 

96 
m . 7  
60.3 
1 

86 - 10 

x 
1- 

- 
m.5 

- 

m.2 

66 

4 . 4  
11 
P 
0 
88.6 
49 

1515 

101 
779.9 
43.8 
10 

loo 
66 
m.5 
57 

1400 

- 
m.o 

- 

JP4 - 
a . 4  145511 
m 
BB.9) 
14.m 113.11 
0.1 

-m 

ld.OlEi.01 
1.015.01 

P 

PB 12881 
m 

w Isfsl 
m 
48 
uo 
.Bo ia 
6eJ lsael 

isu 

nz 

JPd 

u.4ln.611 
01 

68.10 
13.88 113.61 
1.1 

-43 

18.0 I a m  
2.6 16.01 

m 
III 1301 
a3 
so 
413 
UB 
e 1  
Is) 

610 
881 
B) 1-1 

53 
786.0 
€4.3 
I 
en - 15 
96.4 
77 

1920 

- 
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Figure8 - JP-4 Vislds as a Function of Product Nitrogen for 
Catalysts Containing 50% US Sieve 

E lOMl 
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Figure 10 - Effect of Space Velocity on Product Nitrogens for 
Catalyst with Different Physical Properties. 
Catalyst. 3838-m1 I O  I; -028 I O  1; -030 I A I: -031 I O  I; 
-034 101; -035 I .I; a? 1.1: -039 I .I. 

n :  

60 70 80 90 100 110 

APDPA(4VIA) 

0 

Figure 11 - Correlation Berwssn Catalyst Average Pore 
Diameters and Product Nitrogen lor 50% US Sieve Alumina 
Catalysts. 0 .  0.75 LHSV: 0.  0.6 LHSV. 
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Figure 13 - Daily JP-4 Yields for the Activity Maintenance 
Test 
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